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ABSTRACT
Fingerprinting paleo-groundwater sources using
stable oxygen and iron isotopes of iron oxide concretions
from the “Boiler Room”, Moab area, Utah
by
Connor Frederickson, Master of Science
Utah State University, 2022
Major Professor: Dr. Dennis Newell
Department: Geosciences
Iron oxide cemented concretions are ubiquitous throughout the Colorado Plateau and
represent the end-products of a hydrogeochemical system involving removal, transport, and
reprecipitation of iron. Although the distributions and morphologies of these features have been
widely studied, the processes by which they form, and the paleo-fluids involved remain unclear.
To compare various proposed formation models, isotopic ratios of oxygen (d18O) and iron (d56Fe),
trace element concentrations, and textural observations are reported for iron oxide concretions
hosted in the Navajo and Page sandstones from the Boiler Room area near Moab, Utah.
Stratigraphic relationships indicate two possibilities: (1) that the iron oxide concretions formed
prior to the deposition of the Jurassic Page Sandstone or (2) they are replacement features for an
initial precipitated carbonate phase during the Jurassic and post-date the Page. Textural
observations of the two most common concretion morphologies (pipes and ironstones) support
post-depositional replacement of carbonate minerals in ironstones and precipitation of iron oxide
in pipes. Similar patterns of trace element enrichment and depletion suggest concurrent formation
of pipes and ironstones from a single paleo-fluid source. Positive d56Fe values ranging from 0.43
to 1.07 ‰ require 40-90% oxidation of this paleo-fluid during Rayleigh fractionation of iron

iv
isotopes from the fluid to hematite. Oxygen isotope values range from -5.2 to +1.9 ‰ (VSMOW)
for pipes and -3.0 to 1.5 ‰ (VSMOW) for ironstones, consistent with values expected for partially
altered groundwaters.
Formation of iron oxide concretions in the Navajo Sandstone at the Boiler Room is
hypothesized to result from a post-depositional replacement process. An initial carbonate lens was
deposited in an interdunal setting in the Navajo Sandstone during the Jurassic prior to the
deposition of the overlying Page Sandstone. After burial, carbonate minerals within this lens were
dissolved by an upward migrating acidic fluid and replaced by hematite to form ironstone
concretions. Precipitation of hematite in the feeder pipes was not a replacement process, however,
resulting in the observed isotopic differences as hematite in ironstones incorporated oxygen from
the initially precipitated Jurassic carbonates.
(80 pages)
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PUBLIC ABSTRACT
Fingerprinting paleo-groundwater sources using
stable oxygen and iron isotopes of iron oxide concretions
from the “Boiler Room”, Moab area, Utah
Connor Frederickson

Isotopes are naturally occurring atoms of an element that vary in the number of neutrons
present in their nuclei, resulting in different atomic masses. The most common stable isotopes of
oxygen are oxygen-18 (18O) and oxygen-16 (16O). Geochemical processes, such as the formation
of a solid mineral from dissolved elements in a fluid, can result in preferential concentration of
one isotope over the other in a process known as fractionation. By measuring the ratio of 18O and
16

O in solid minerals and using known fractionation values, the isotopic ratio of the fluid from

which those minerals formed can be determined. Calculated values can then be compared to known
isotopic ranges for different fluids (e.g., surface vs groundwaters).
In this study, we use the measured oxygen isotope ratios of iron oxide minerals (i.e.,
hematite) in rocks from the Boiler Room near Moab, Utah to determine the fluid(s) from which
they formed and compare various proposed formation models. Ratios of stable isotopes for oxygen
and iron, measurement of elemental concentrations, and textural observations of the rocks suggest
that iron oxide minerals in the Boiler Room formed from a three-step process. First, a rock unit
composed of carbonate minerals was deposited in a surface pond during the Jurassic period. After
this unit was buried, an upward flowing acidic fluid dissolved the carbonate minerals within this
layer. Changing geochemical conditions during this process caused iron dissolved in the acidic
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fluid to precipitate as hematite. Dissolution and replacement of the initially formed carbonate
minerals resulted in the unique iron oxide rocks observed in the Boiler Room location where feeder
pipes terminate into a horizontal layer of concentrated iron oxide. Understanding the formation
processes of iron oxide minerals is important for reconstructing the history of fluid flow and
mineral alteration in diverse geologic environments.
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1. INTRODUCTION
Iron oxide cemented sandstone concretions can provide insight into the chemical,
hydrologic, and environmental conditions present during their formation (e.g., Chan et al., 2000;
Beitler et al., 2005; Busigny and Dauphas, 2007; Loope et al., 2010; Yoshida et al., 2018). These
features are widespread throughout the Colorado Plateau and have been linked to a variety of
geochemical and hydrological processes. Although they have been extensively documented and
studied, the processes involved with concretion formation are still debated and it is unlikely that
one model can adequately explain all the different occurrences. Models for iron oxide concretion
formation must be able to explain the shifting geochemical conditions required for precipitation of
hematite. For iron to have been transported to the site of concretion formation and precipitated out
of groundwater as hematite, there must be a shift from reducing to oxidizing conditions to facilitate
the change of iron from its mobile Fe2+ to immobile Fe3+ oxidation state. Deciphering the sources
and chemistry of formational fluids has implications for understanding patterns of paleo-fluid flow
and the geochemical processes involved with concretion formation in diverse geologic settings on
Earth and Mars (Chan et al., 2004; Yoshida et al., 2018).
The geochemical and hydrological processes associated with iron oxide concretion
formation can be deciphered using integrated textural, geochemical, and isotopic data. Stable
isotopic analysis of oxygen (d18O) and iron (d56Fe) in iron oxide minerals are one method for
identification of the paleo-fluid sources and processes involved in concretion formation. Iron oxide
minerals yield distinct oxygen isotope signatures that reflect the initial d18O of the source fluid and
its temperature during precipitation. Fractionation of oxygen isotopes between water and hematite
is relatively small and moderately sensitive to temperature, but is significantly impacted by the pH
of the fluid (Yapp 1990; Bao and Koch, 1999). Isotopic measurements of oxygen in hematite can
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thus be used to estimate corresponding d18O values for the initial water, which can be compared
to ranges of different potential paleo-fluids under varying pH conditions. Stable isotopes of iron
provide insight into the iron source, and potential role of microbes and degree of oxidation
undergone during the phase transition from dissolved to solid iron in the precipitation of hematite
from water (Anbar et al., 2000; Anbar, 2004; Chan et al., 2006). Integrating oxygen and iron
isotopic data with redox-sensitive trace elements (e.g., Cu, Mo) and textural observations of iron
oxide minerals provides a robust framework for reconstructing the paleo-geochemical and
hydrological formation conditions for iron oxide concretions.
Previous research on Colorado Plateau iron oxide concretions developed several potential
formation models. Proposed models differ in their hypothesized pre-formation conditions, paleofluid sources, timing, and geochemical pathways for the precipitation of iron as hematite. One
model involves the dissolution of iron from hematite coatings on quartz grains, transport in a
reduced brine, and reprecipitation in iron oxide concretions following interaction with oxidizing
meteoric waters (Chan et al., 2000). In contrast, other models hypothesize that concretion
formation is the end-product of a multistage process of carbonate mineralization, dissolution, and
replacement beginning with carbonate minerals (siderite or calcite) (Loope et al., 2010; Yoshida
et al., 2018). Inferred paleo-fluids associated with concretion formation vary and include buoyant
hydrocarbon brines, CO2 charged groundwaters, Jurassic meteoric waters, and more recent
meteoric sources. Identification of geochemical pathways and paleo-fluids involved in concretion
formation allows for a more complete reconstruction of the paleo-environmental and hydrologic
conditions of the Paradox Basin and their evolution through time.
An area known as the “Boiler Room” near Moab, Utah, provides an excellent location to
investigate the formation of iron oxide concretions in the Colorado Plateau. At this location, iron
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oxide concretions of various morphologies are abundant and well-exposed. In this study, we
present new d18O and d56Fe data, patterns of trace element enrichments and depletions relative to
bulk continental crust, and textural observations of hematite in iron oxide concretions from the
Boiler Room with the goal to identify the geochemical pathways and paleo-fluid sources
involved with concretion formation. We show that these isotopic signatures reflect contributions
from different paleo-fluid sources and can be used to compare proposed models of concretions
formation in the Colorado Plateau.

2. GEOLOGIC SETTING AND HISTORY

2.1. Paradox Basin
The Boiler Room (Fig. 1) is an area of exposed Jurassic strata in the Colorado Plateau
region of southeastern Utah and is notable for its abundance of iron oxide pipe concretions. These
features share some characteristics with those that have been documented elsewhere throughout
the Colorado Plateau (e.g., Chan et al., 2000; Loope et al., 2011; Reiners et al., 2014; Yoshida et
al., 2018). The Boiler Room locality lies near the western margin of the Paradox Basin ~35
kilometers northwest of Moab, Utah.
The Paradox Basin is a ~47,000 km2 northwest trending oval basin encompassing areas of
Utah, Colorado, Arizona, and New Mexico and is filled with accumulations of carbonate,
evaporite, clastic, and organic-rich sediments that are host to significant reservoirs of hydrocarbons
(Nuccio and Condon, 1996). Basin formation occurred primarily during the early Pennsylvanian
in response to uplift of the Uncompahgre highlands to the east associated with the emergence of
the Ancestral Rockies (Barbeau, 2003). Subsequent restriction of marine circulation within the
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basin resulted in the intensification of euxinic-evaporitic conditions and subsequent deposition of
thick sequences of carbonates and evaporites (Hite et al., 1984). Post-formation, the structure of
the basin has been significantly affected by deformation during the Laramide orogeny and more
recent erosion by the incision of the Colorado River system during the Cenozoic (Nuccio and
Condon, 1996; Pederson et al., 2013; Murray et al., 2016). The area around Moab, including the
Boiler Room, is situated within the structurally deeper region of the basin. Garden et al (2001)
calculated a maximum burial of ~2000 meters for Lower Jurassic sandstones in the Moab Anticline
between ~80-40 Ma using paleomagnetic studies (Fig. 2). Generation of hydrocarbons in the
underlying Pennsylvanian Paradox Formation is hypothesized to have occurred during this period
(Nuccio and Condon, 1996). Since the end of maximum burial at ~40 Ma, ~3.5 kilometers of
material has been removed via erosion and uplift (Nuccio and Condon, 1996).

Figure 1: The Boiler Room field area near Moab, Utah and the Moab fault.
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Figure 2: Burial history of Jurassic sandstones in the Moab, UT area modified from Beitler et al (2005).
Estimates of timing for oil generation from Nuccio and Condon (1996).

2.2. Moab Fault
The Moab Fault is a 45-kilometer-long, northeast-dipping normal fault striking northwest
across the western margin of the Paradox Basin that is located ~10 km east of the Boiler Room
(Fig. 1). The Moab Fault is a well-documented conduit for the expulsion of hydrocarbons and
formation waters from the Paradox Basin and hosts numerous outcrops of secondary iron oxide
concretions (e.g., Chan et al., 2000; Garden et al., 2001; Eichhubl et al., 2009; Garcia et al., 2018).
Fluid-rock interaction along the Moab Fault is supported by occurrences of hydrocarbons, calcite
concretions, silicification, and copper mineralization (Morrison and Parry, 1986; Garden et al.,
2001). The fault has a maximum offset of ~960 meters and cuts through a series of Pennsylvanian
to Cretaceous deposits with activity stretching from the Permian until the early Paleocene (Foxford
et al., 1998; Solum et al., 2005). Recent work by Bailey et al (2021) identified the most recent
period of fluid migration along the Moab Fault as occurring between ~48 and 42 Ma with an older
period of flow occurring between 65-59 Ma. Fluid migration in the fault is controlled by
deformation bands and joints with the former serving as low-permeability baffles and the latter as
high-permeability conduits for the flow of ascending and descending fluids (Johansen et al., 2005;
Bergman et al., 2013; Del Sole et al., 2020). The window for generation of hydrocarbons in the
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Moab area (~80 – 40 Ma) is consistent with dated periods of fluid migration in the Moab Fault
(~65– 59 Ma and 48 – 42 Ma). Movement of hydrocarbon-bearing and reducing fluids along the
Moab Fault during either of these two periods of fluid flow may be responsible for the removal of
iron from red-bedded sandstone units in the Moab area and later reprecipitation of hematitecemented sandstone concretions.

2.3. Jurassic Stratigraphy
The primary Jurassic units exposed at the Boiler Room locality, from oldest to youngest,
are the Navajo Sandstone, the Page Sandstone, the Dewey Bridge Member of the Carmel
Formation, and the Slick Rock Member of the Entrada Sandstone (Fig. 3). Within this stratigraphic
succession, iron oxide concretions are restricted to the uppermost ~10 m section of the Jurassic
Navajo Sandstone and Page Sandstone. The Navajo Sandstone, together with the Wingate and
Entrada sandstones, represents a portion of the largest expanse of aeolian sand deposits in the
geologic record (Blakey et al., 1988). In this region of the Colorado Plateau the Navajo Sandstone
is a well-sorted, fine-grained quartz arenite exhibiting large-scale cross bedding and bleaching
analogous to that seen in sandstones in the vicinity of the Moab Fault (Chan et al., 2000; Beitler et
al., 2003). The exposed sections of the Navajo within the study area are bleached and exhibit
localized areas of soft sediment deformation evidenced by contorted bedding in lower stratigraphic
sections within the western half of the Boiler Room. Thickness of the Navajo Sandstone varies
from a maximum of ~677 m in the Central Utah part of the Utah-Idaho trough to less than 100 m
as it pinches out beneath the J2 unconformity in southeastern Utah (Blakey et al., 1988). The high
porosity and permeability of the Navajo Sandstone make it an important aquifer and hydrocarbon
reservoir (Hood and Patterson, 1984; Spangler et al., 1996). The Page Sandstone is a Jurassic cross-
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stratified sandstone that overlies the Navajo Sandstone throughout southern Utah. Its contact with
the Navajo is also the J2 unconformity documented by Pipiringos and O’Sullivan (1978). The
depositional environment for the Page Sandstone is interpreted as a coastal erg system that
deposited sediment over the eroded J2 unconformity chert pebble surface at the upper contact of
the Navajo Sandstone (Blakey et al., 1988). Ironstone concretions located above the inferred J2
unconformity and beneath the Dewey Bridge Member of the Carmel formation are interpreted to
represent the location of the Page Sandstone within the Boiler Room. The Dewey Bridge Member
of the Carmel formation is package of sabkha and eolian deposits containing interbedded
sandstones, siltstones, and mudstones (Blakey et al., 1988) that overlie the Page Sandstone at the
Boiler Room. Locally within the Boiler Room, the Dewey Bridge Member a fine-grained
sandstone and mudstone interval that caps the uppermost iron oxide concretion exposures and the
Page Sandstone.

Figure 3: Stratigraphy of Jurassic units in the Boiler Room area modified from Chan et al. (2000)
to reflect changes in the classification of the Dewey Bridge Member.
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Thin limestone lenses have been observed throughout the Navajo Sandstone and are
interpreted to represent interdunal lacustrine paleoenvironments. These lenses, together with
occurrences of reptile tracks and silicified conifer trunks, support the existence of wetter interdunal
conditions amidst an otherwise dry aeolian paleoenvironment (Gilland, 1979; Winkler et al., 1991;
Loope and Rowe, 2003; Parrish et al., 2007). The stratigraphic interval in the Boiler Room area
that hosts iron oxide concretion pipes also has occurrences of carbonates thought to have formed
under interdunal conditions during the Jurassic. This interval is in the upper most Navajo
Sandstone, beneath a chert pebble layer at the contact between the Navajo Sandstone and overlying
Page Sandstone. The chert pebble layer has been identified along the upper contact of the Navajo
Sandstone throughout southeastern Utah and is designated as the J2 unconformity (Pipiringos and
O’Sullivan, 1978).
One of the most distinctive properties of sandstones in the Moab area, including the Navajo
Sandstone, is the large-scale gradational red-to-white (“bleached”) transitions. This bleaching is
observed to cut across stratigraphic boundaries and is the result of chemical alterations to the
sandstone related to paleo-fluid flow (Chan et al., 2000; Beitler et al., 2003; Parry et al., 2004;
Beitler et al., 2005; Bailey et al., 2021). Migration of reducing fluids through porous, red-bedded
sandstone units results in the dissolution of hematite coatings on quartz grains formed during early
diagenesis from the reaction of oxidizing waters with iron-bearing phases (Walker, 1975). Upon
reaction with the reducing fluids iron is reduced from its immobile Fe3+ to mobile Fe2+ state,
resulting in the distinctive red-white gradations observed throughout much of southern Utah.
Bleaching of the Navajo Sandstone in the Moab area has been linked to the generation of
hydrocarbons in the Paradox Formation from ~80 to 40 Ma (Garden et al., 2001). Movement of
reducing iron-rich fluids in the Moab area is hypothesized to have occurred in response to the
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intrusion of the La Sal laccolith ~25 Ma and the uplift of the Colorado Plateau following the
incision of the Colorado River System (Chan et al., 2001). However, thermochronology studies of
iron and manganese oxide concretions in the Colorado Plateau have produced a wide range of
potential mineralization dates ranging from ~25 Ma to 3.6 Ma (Reiners et al., 2014; Garcia et al.,
2018).

2.4. Iron Oxide Mineralization
Secondary iron oxide concretions in the Moab area exhibit a range of morphologies
including spheroidal concretions, boxwork patterns, pipes, large cylindrical columns, and laterally
extensive layers of “ironstone” or “ferricrete” (Chan et al., 2000; Loope et al., 2011; Reiners et al.,
2014). Concretions are hosted in bleached sections of Mesozoic sandstones and contain hematite
or manganese cement composing up to 25% of the bulk rock (Chan et al., 2000). The mechanisms
by which iron oxides in this region form has been widely debated, especially as to whether their
formation is in-situ or involves regional transport of dissolved iron by reducing and/or acidic
fluids. Three differing models have been proposed to explain the geochemical processes by which
iron oxide concretions form in the Moab area (Fig. 4). They differ in their hypothesized paleofluid sources, pre-formation conditions, and chemical parameters associated with iron oxide
precipitation (e.g., pH, eH, temperature).
One model proposes that iron oxide concretions result from mixing of two distinct fluids:
a reduced hydrocarbon-bearing source and an oxidizing meteoric groundwater (Chan et al., 2000,
Beitler et al., 2003). Iron originally present in hematite coatings of quartz grains in red-bedded
sandstones is reduced and its oxidation state is changed from the immobile Fe3+ to the mobile Fe2+.
The fluid responsible for reduction may be acidic or highly saline and is hypothesized to be a
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hydrocarbon, but could also be an organic acid, methane, or hydrogen sulfide (Chan et al., 2000,
Garden et al., 1997). Dissolved iron within the buoyant hydrocarbon-bearing fluid is transported
from red-bedded sandstones through existing conduits (e.g., faults) or permeable units to the site
of concretion formation. Interaction with shallow meteoric groundwater re-oxidizes the dissolved
iron in the reduced solution, transforming it from Fe2+ into the Fe3+ state, which is then precipitated
as hematite in concretions along the reaction front.
In contrast to mixing of oxidizing and reduced groundwater, Loope et al. (2010) suggests
iron oxide concretions and cements within the Navajo Sandstone are secondary mineral deposits
derived from the oxidation of ferrous carbonate (siderite). Under this model, the paleo-fluid
responsible for mobilization of iron is inferred to be methane or CO2 charged groundwater that is
emplaced into sandstone-hosted aquifers. Downgradient flow of this reduced groundwater
transports iron to locations where it locally precipitates as ferrous carbonate or sulfides during
degassing of CO2 from the fluid. Later flushing of the aquifer by oxidizing groundwater and
possible microbial mediation facilitates localized siderite dissolution and hematite precipitation as
concretions and cements (Weber et al., 2012).
A third model involves dissolution and replacement of pre-existing calcite concretions by
iron oxide minerals precipitated from Fe-rich acidic waters (Yoshida et al., 2018). Infiltration of
meteoric water during early diagenesis of the Navajo Sandstone is hypothesized to have led to the
development of calcite concretions. Iron from hematite grain coatings in the sandstone was
mobilized by CO2-charged acidic groundwater and brought into contact with the existing
concretions resulting in dissolution of calcite. Formation of iron oxide occurred because of
buffering reactions between the acidic fluid and dissolving carbonate minerals. The process of
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concretion formation from initial iron reduction to dissolution and reprecipitation is modeled by
the equations:

Fe2O3 + 6H+ à 2Fe3+ + 3H2O

Dissolution of hematite grain coatings

CaCO3 + 2H+ à Ca2+ + H2O + CO2

Dissolution of carbonate concretions

Fe3+ + 2H2O à FeO(OH) + 3H+

Formation of iron oxide concretions

Iron oxide is initially precipitated as goethite, which over time may be altered to hematite
in the precipitated concretions. The calcite cores of the concretions eventually undergo complete
dissolution while the iron oxide crusts are preserved.
Formation from mixing of reduced and oxidizing fluids imparts d18O values that are
distinctly different from the other two models. The range of values is dependent on the degree of
mixing between the hypothesized hydrocarbon brine with expected values of 0 to +5 ‰ (VSMOW)
(Morrison and Parry, 1986) and recent meteoric waters with values less than -10 ‰ (Spangler et
al., 1996). In contrast to the fluid mixing model, d18O values for hematite precipitated from the
alteration of siderite more closely reflect the initial d18O value of the reduced groundwater in which
the intermediate carbonate phase (i.e. siderite) precipitated. Potential values for this fluid source
may vary but are expected to be less than -7 ‰, consistent with partly altered meteoric water
(Shipton et al., 2004). Isotopic values closely resembling those of the fluid source associated with
precipitation of the intermediate phase are also expected for the calcite replacement model.
Potential d18O values based on paleogeographic reconstruction of the Moab area and d18O values
for local carbonates from the Jurassic range from ~ -10 to 0 ‰ for precipitation and evaporated
surface waters during the Jurassic (Blakey et al., 1988, Bowen and Revenaugh, 2003, Parrish et
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al., 2018) to less than -7 ‰ for more recent partly altered meteoric waters (Shipton et al., 2004).
Both the siderite alteration and calcite replacement models are expected to exhibit textures in thin
section and SEM indicative of replacement of the initially precipitated mineral phase by iron oxide.
Other geochemical data is expected to be more useful for differentiating between these models.
For alteration of siderite to iron oxide, the geochemical reactions resulting in concretion formation
are hypothesized to be microbially mediated. This biotic process is reflected by negative d56Fe
values relative to the starting value of the fluid (Anbar, 2004). In contrast, the d56Fe values for
calcite dissolution and replacement by iron oxide are positive in relation to the initial starting value.

Figure 4: Proposed models for the formation of iron oxide concretions in the Colorado Plateau with
their expected d18O values including (a) precipitation of hematite from the mixing of reduced and
oxidized fluids (Chan et al., 2000), (b) alteration of initially precipitated siderite to hematite by
oxidizing groundwater (Loope et al., 2011), and (c) dissolution and replacement of initially
precipitated carbonate concretions by iron oxide following the infiltration of an acidic fluid (Yoshida
et al., 2018). Ironstone concretions are inferred to occur within the Page Sandstone above the
regional J2 unconformity in the Navajo Sandstone (Jn) in the Moab area.
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3. METHODS

3.1. Field Methods and Sampling

3.1.1. Sampling Strategy
Forty-nine iron oxide concretions were collected in a ~3 km2 area of the Boiler Room
locality northwest of Moab, UT. Sampled concretions were chosen from 8 horizontal transects of
~50 – 200 m each through areas of concentrated iron oxide mineralization in the uppermost section
of the Navajo Sandstone and the local Page Sandstone (Fig. 5). The aim when sampling was to
obtain a spatially representative set of iron oxide concretions spanning the range of observed
morphologies and containing the highest concentrations of visible iron oxide minerals. For each
transect, samples were collected from each distinct outcrop of pipe concretions or at regular
intervals where the concentration of pipes was high enough that no separate clusters were
discernable. Only pipe concretions with distinct rims of iron oxide mineralization were chosen and
all pipes sampled were in situ. Ironstone samples were chosen using a similar methodology with
only intact pieces demonstrating clear iron oxide mineralization being selected. Where pipes
terminated into overlying ironstones, samples were taken as close to the intersection of the two
morphologies as possible (Fig. 6). Vertical sampling of pipe and column concretions was
performed where possible with samples being taken at approximately meter intervals beginning at
the first visible outcrop and progressing upward until the ironstone concretion layer. Other
concretion types (e.g., calcite and sandstone concretions) were also collected from throughout the
field area when encountered.
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Figure 5: Sampling map of the Boiler Room field area with the 8 transects along which Fe
oxide concretions were collected. Geologic units in the area include the Navajo Sandstone
(Jn), Dewey Bridge Member of the Carmel Formation (Jcd), and the Entrada Sandstone (Je).
The Page Sandstone is located between Jn and Jcd above the J2 unconformity and is not
visible at the scale of this map.

Figure 6: Sampling diagram for the paired CF21-BR2 concretions. Samples were
taken from either side of the plane forming the division between the ironstone and
pipe concretions.
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3.1.2. Concretion and Comet Tail Orientations
Subvertical pipe concretions throughout the Boiler Room are associated with localized iron
oxide staining of host rock that when viewed from above appear as concentric halos extending
outward in one direction from the intersection of the pipe concretion with the host sandstone (Fig.
7). These “comet tails” may be associated with the direction of paleo-fluid flow associated with
formation of the iron oxide pipe concretions. Orientation (trend and plunge of inferred pipe long
axis) data was collected for 50 pipe concretions and the trends of 37 associated comet tails were
recorded. Only in situ pipes with portions exposed above their intersection with the host rock were
selected for trend/plunge measurements. For comet tails, only those clearly associated with pipe
concretions were chosen. To record the orientation of comet tails, the trends of the line bisecting
the concentric comet tail were taken using a compass while viewing the features in plan view.

Figure 7: (a) Pipe concretion base with associated comet tail feature in the down-plunge
direction with orientation measurements of (b) inclined pipe concretions and (c) their
associated comet tails.
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3.2. XRD Analysis

The major mineralogy and distribution of different iron oxide minerals (i.e., hematite,
goethite, and magnetite) in iron oxide pipe and ironstone concretions was determined by X-ray
diffraction. Eleven samples were powdered for analysis via mechanical grinding in a shatter box.
Analyses were conducted by Dr. Kelly Bradbury in the USU X-Ray Analysis Laboratory using a
Panalytical X’Pert Pro X-ray Diffraction Spectrometer. Samples were measured over a 2-75
degrees 2-theta interval over a period of four hours. Indexing of peaks for mineral identification
was performed using the High Score software program.

3.3. Microscopy

3.3.1. Thin Section Analysis
Eleven concretion samples were selected for petrographic analysis in thin section to record
the mineral phases present, examine the relationships between those phases, and document their
textures. Selected samples span the range of observed concretion morphologies and include 3
pipes, 1 column, and 4 ironstones. Pipe concretions billets for thin section creation were cut at
right angles to the vertical pipe axis to obtain a cross section across the rim and core of each
sample. Unstained polished and uncovered thin sections were prepared by Wagner Petrographic
LLC. Thin sections were viewed using a Leica DM 2700 P petrographic microscope housed in the
USU Department of Geosciences.

3.3.2. SEM Analysis
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To further characterize the morphologies of the primary and secondary minerals present
within sampled concretions, four representative thin sections were selected for analysis by
scanning electron microscopy (SEM). Selected samples include three ironstones and one pipe
concretion. Slides were carbon coated for SEM viewing. Analyses were conducted using an FEI
Quanta FEG 650 scanning electron microscope at the Utah State University Microscopy Core
Facility under the guidance of Dr. Fen-Ann Shen. Sample images in SEM were captured for two
types of detected electrons: secondary electrons (SE) and backscattered electrons (BSE). The dual
sets of images highlight both the topography of mineral surfaces and contrast between different
minerals within each sample. Verification of mineral identifications and mapping of mineral
phases within samples was performed using elemental concentration estimates measured using
energy dispersive X-ray spectrometry (EDS).

3.4. Oxygen Stable Isotopes
The oxygen stable isotope composition (d18O) of iron oxide was determined for 11 pipes
and five ironstones. The traditional method of determining the d18O values of iron oxides via
isotope ratio mass spectrometry (IRMS) utilizes laser fluorination techniques. These methods use
fluorination by fluorine or interhalogen fluorides (e.g. BrF5, ClF3) to yield 100% of the oxide
oxygen for subsequent analyses (Mattey and Macpherson, 1993). Although yielding precise
results, this method posed several limitations for this study. First, relatively high costs and the need
for specialized instruments not available at Utah State University were prohibitive to the analysis
of large numbers of iron oxide concretions desired for this study. In addition, the grain size of iron
oxide cements in many pipe and ironstone concretions from the Boiler Room was too fine for
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analysis via laser fluorination (J. Barnes, personal communication). These financial and analytical
challenges necessitated the use of an alternative process for d18O measurement.
To overcome these challenges, a pyrolysis method based on that of Gehre and Strauch
(2003) for the measurement of d18O values in iron oxides via high temperature conversion
elemental analysis (TC/EA) IRMS was refined for this study. Development of this method allowed
for direct isotopic measurements of iron oxides in powder form on equipment housed in the USU
Stable Isotope Laboratory in the Department of Geosciences.
For each sampled concretion, zones of concentrated iron oxide mineralization were isolated
and subsampled. Subsamples were prepared for d18O analysis by manual grinding, sieving,
magnetic separation, and hand-picking of hematite under stereoscope in the USU Mineral
Microscopy and Separation Laboratory. For each concretion sample a minimum of 360
micrograms of pure iron oxide was picked for triplicate analysis.
Hematite separates were divided into ~120 microgram portions and combined with 300
micrograms each of silver chloride (AgCl) and powdered 40 % nickel-carbon wool (NiC) in silver
capsules. Addition of the AgCl and NiC wool reagents was done to increase the recovery of oxygen
from hematite during pyrolysis. Loaded capsules were dried overnight prior to analysis in a
vacuum oven at 200 °C.
Oxygen isotope measurements of hematite separates were made in the USU Stable Isotope
Laboratory using a Thermo Scientific TC/EA coupled to a Thermo Scientific Delta V Advantage
IRMS via continuous flow methods. Samples were reacted at 1450 °C in a glassy carbon tube
packed with glassy carbon granules and a thin layer of NiC wool directly beneath the graphite
crucible (Fig. 8). During analysis in the reaction column, samples are pyrolyzed and oxygen from
hematite is quantitatively converted to carbon monoxide that is separated on a gas chromatograph
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(GC) column at 50 °C before being passed to IRMS for d18O measurement. Oxygen recoveries
were calculated using mass calibrations from analysis of known masses of benzoic acid assuming
100% quantitative conversion of oxygen during analysis of the samples. Results for d18O are
calibrated against VSMOW and SLAP-2 reference standards analyzed in 0.5 microliter Ag packets
alongside samples and reported in per mil based on Vienna Standard Mean Ocean Water
(VSMOW). Isotopic values are reported in standard delta notation (d18O) where delta is the ratio
of 18O to 16O in the measured sample relative to the ratio in the VSMOW standard. Precision of
results from the TC/EA method is ± 1.7 ‰ and was determined by averaging the standard
deviations of three pure hematite standards (Lab, HH-1, and LLW-2).

Figure 8: TC/EA column configuration for d18O analysis via refined pyrolysis method.
Modified after the setup used by Gehre and Strauch (2003).
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Accuracy of the refined TC/EA method was checked by comparing values for selected
samples to results gathered using the laser fluorination method. Iron oxide samples for laser
fluorination analysis were crushed and sieved to separate out a fraction with sizes between 150180 microns. Hematite from the resultant fraction was hand-picked and sent to the Light Isotope
Lab in the Jackson School of Geosciences at University of Texas – Austin. Analysis of samples
via laser fluorination was conducted by Dr. Jaime Barnes. Results are calibrated against a garnet
standard (UWG-2) and reported in per mil (‰) based on Vienna Standard Mean Ocean Water
(VSMOW) with a precision of ± 0.03 ‰.

3.5. Iron Stable Isotopes and Trace Element Chemistry
Eleven iron oxide concretions were selected for measurement of iron stable isotope ratios
(d56Fe values) and trace element concentrations in the Metals, Environmental, and Terrestrial
Analytical Laboratory (METAL) facility at Arizona State University. Sample splits of ~2
milligrams for iron isotope analysis were collected alongside those for d18O measurement during
mineral separation. Mineral separates from the eleven concretions were digested in a 5 mL mixture
of nitric, hydrofluoric, and hydrochloric acid overnight at 150 °C. After being allowed to dry,
samples were brought up ~3.5 milliliters of trace metal grade HNO3. Preparation of samples for
iron isotope analysis was similar to that described in Beard et al. (2003).
Trace element concentrations were collected by quadrupole ICP-MS using a ThermoFisher
Scientific iCAP Q. Prior to analysis, samples were diluted in 0.32 M HNO3. Calibration standards
during trace element analysis were composed from a mixture of single element certified ICP
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solutions. The limit of detection (LOD) for this analysis is three standard deviations of the blank
run ten times. The limit of quantitation is ten standard deviations of the blank run ten times.
Iron isotope values were determined using a Thermo Finnegan Neptune Plus in medium
resolution mode. Samples were analyzed using a two-line method with the first line measuring
copper isotopes used for instrumental mass fractionation correction and the second line measuring
iron and potential interferents (Cr and Ni). Aspiration of samples was performed using an Aridus
2 sample introduction system and a low-flow nebulizer. The bracketing standard used for d56Fe
value calibration is IRMM 524A, an equivalent standard to IRMM 014. The average d56Fe value
for this standard measured during analysis of the iron oxide concretions in this study is -0.01 ‰
with a standard deviation of 0.02. All samples were measured in triplicate with standard deviations
less than 0.075. Sample preparation, trace element and d56Fe analyses, and data reduction were
performed by Dr. Gwyneth Gordon of the METAL facility.

4. RESULTS

4.1. Field Observations

4.1.1. Iron Oxide Concretions
Iron oxide concretions in the Boiler Room comprise three distinct morphological groups:
pipes, columns, and ironstones. All concretions are sandstone-hosted and located within the
Navajo Sandstone and Page Sandstone beneath the Dewey Bridge Member of the Carmel
Formation (Fig. 9). Pipe concretions are the most abundant morphology and outcrop as clusters
along roughly linear trends in the uppermost ~3 meters of the Navajo (Fig. 10). Diameters of pipe
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concretions range between ~2 to 10 cm and where fully intact their heights range from a few
centimeters up to a meter. Within clusters, pipes often overlap and merge with one other to form
larger branching structures (Fig. 10). Iron oxide cement is most concentrated within thin rims
surrounding more weakly cemented sandstone cores with lower iron oxide mineralization (Fig.
10). In some pipes these cores are missing, leaving behind only a thin hollow tube (Fig. 10). Nearly
all pipe concretions in the Boiler Room display consistent inclinations of 68° ± 9 toward 199° ±
23 given 50 measurements with comet tails extending in the down-plunge direction (Fig. 7).
Columnar concretions are sparsely distributed throughout clusters of pipe concretions in
the uppermost section of the Navajo Sandstone and are found outcropping individually or in small
groups within lower sections. They extend several meters above their intersection with the host
rock and have diameters that range from ~10 to 30 cm. Their overall shape resembles that of pipes
but with a weaker and less defined outer structure. Many columns appear to be composed of
weakly cemented sandstone discs stained with iron oxide. Compared to pipes, iron oxide is more
diffuse within columns with no visually distinct zones of concentrated mineralization. The
orientation of columns is more vertical than pipe concretions, although individual layers within
the concretions appear to be roughly parallel to bedding in the Navajo.

Figure 9: Schematic representation of Fe oxide concretion occurrences within the Boiler Room showing
the relative stratigraphic locations of ironstone, pipe, and column morphologies in the Page (Jp) and
Navajo (Jn) sandstones and carbonate layers within the Page Sandstone. Not to scale – the vertical scale
bar is approximate to show relationships between pipes and ironstones.
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Ironstones are the third concretion morphology observed in the Boiler Room and occur as
thin layers near and above the inferred contact between the Navajo and Page sandstones. These
concretionary layers are ~30 cm thick, laterally discontinuous, and only found in locations
containing pipe concretions directly down section (Fig. 9, 11). Ironstones appear massive and
exhibit no visible stacked bands of iron oxide minerals like columnar concretions. Most ironstones
in the Boiler Room have a rough texture resembling local thin carbonate beds at a similar
stratigraphic location and range in color from black to a reflective metallic gray. Iron oxide
mineralization within these concretions is pervasive and significantly higher than what is visually
observed in pipe and columnar morphologies (Fig. 11). Unlike pipe concretions, most ironstones
within the Boiler Room react with 10% HCl, indicating the presence of calcite cement. Some
ironstone outcrops also contain visible clasts of chert with diameters up to ~1 cm protruding from
the iron oxide cement (Fig. 11). These clasts resemble the loose chert pieces observed throughout
the Boiler Room and those associated with the J2 unconformity at the top of the Navajo Sandstone.
Throughout the Boiler Room pipes are observed to terminate into overlying ironstones with no
distinct contact or transition zone (Fig. 11). No analogous transitions from columnar concretions
to ironstones were observed within the Boiler Room.
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Figure 10: Iron oxide pipe concretions in the Boiler Room area. Pipes outcrop in (a) clusters
along a roughly linear trend with (b) concentrated iron oxide mineralization in rims
surrounding more weakly cemented sandstone cores. Within clusters, pipes (c) overlap with
one another to form branching structures and possess (d) variably hollowed out cores.

Figure 11: Ironstone concretions in the Boiler Room. Ironstones are (a) located near pipes and
form a capping layer of concentrated iron oxide mineralization. Ironstones exhibit a (b)
mottled texture with variable (c) chert inclusions and (d) pervasive iron oxide cements.
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4.1.2. Other Observations
In addition to those cemented by iron oxide, other concretion types were observed
throughout lower stratigraphic sections of the Navajo Sandstone in the Boiler Room. In the western
half of the field area, several loose sandstone pipes were observed near intact iron oxide pipes
feeding into an overlying ironstone layer (Fig. 12). The sandstone pipes are morphologically
comparable to iron oxide pipes with the notable difference being that they were silica cemented
and contain no visible evidence of iron oxide mineralization.
Approximately 20 meters below the upper contact of the Navajo Sandstone (J2
unconformity), several bleached sandstone outcrops exhibit a “honeycomb” texture characterized
by pockmarked surfaces of shallow depressions (Fig. 12). These units are found near other
pockmarked outcrops containing spherical concretions with diameters up to ~3 cm inferred to be
cemented by mainly silica, as determined by their non-reaction to 10% HCl. Loose concretions of
similar shape and composition were found down-section from the pockmarked outcrops
interspersed with pieces of iron oxide pipes.
Throughout the lower stratigraphic sections of the Navajo in the Boiler Room above the
honeycomb textured units, numerous spherical carbonate concretions with diameters up to ~ 4 cm
were observed and appear to be in the process of transition into iron oxide concretions (Fig. 12).
Moving up-section in the Navajo Sandstone, the carbonate concretions exhibit progressively more
pronounced coatings of iron oxide until they disappear entirely ~5 m below the upper Jn contact.
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Figure 12: Non-iron oxide features observed in lower sections of the Navajo Sandstone in the
Boiler Room including (a) silica cemented pipes resembling iron oxide pipe concretions, (b)
pockmarked outcrops exhibiting a “honeycomb” texture of shallow spherical depressions and
(c) loose spherical calcite concretions exhibiting varying degrees of dissolution and iron oxide
mineralization.

4.2. Microscopy

4.2.1. Thin Section Analysis
Observations of concretions in thin section are consistent with visual estimations of relative
iron oxide distributions in pipes and ironstones. Within pipe concretions, iron oxide cement within
rims comprises ~30% of the total material present while for pipe cores it constitutes ~10% (Fig.
13). The mineralogy of pipe concretions is restricted to well-sorted and rounded quartz and
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feldspar grains cemented by iron oxide. Approximate distribution of non-iron oxide minerals
within pipe concretions are ~90% quartz and 10% potassium feldspar.
Ironstone concretions exhibit significantly higher iron oxide concentrations and more
diverse mineralogies than pipes. In contrast to the grain-supported pipes, detrital grains within
ironstones are matrix-supported by a pervasive iron oxide cement (Fig. 13). Quartz, feldspar, and
chert grains are more poorly sorted and angular than those present in pipes. Small amounts of
calcite are observed rimming pore spaces within ironstone samples while none is seen in pipe
concretions (Fig. 13). Around these same pore spaces protruding iron oxide cement exhibits a
botryoidal appearance not observed in any other concretion morphology (Fig. 13).

Figure 13: Photomicrographs of iron oxide pipe (a,b) and ironstone (c,d) concretions from the
Boiler Room. Major minerals observed include quartz (qz), calcite (ct) and hematite (hm).
Concentration of iron oxide cement within (a) pipe rims is significantly higher than within (b)
cores. Cementation by iron oxide is more pervasive in ironstones, comprising a matrixsupported texture with visible formation of (c) calcite in pore spaces alongside (d) protruding
iron oxides exhibiting botryoidal textures.
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4.2.2. SEM Analysis
SEM imaging shows that hematite in both pipe and ironstone concretions occurs as
accumulations of plates comprising larger morphological shapes (Fig. 14). In pipe concretions,
outward growth of hematite cement is seen within the core as individual hematite plates protruding
off edges of quartz and feldspar grains (Fig. 14). Within pipe rims iron oxide concentrations are
higher and outward cementation from grain boundaries has resulted in alternating bands of
hematite precipitation between grains of quartz and feldspar (Fig. 14).

Figure 14: SEM imaging of iron oxide concretions from the Boiler Room in BSE. Pipe
concretions (a,c) are composed of rounded quartz grains (qz) cemented by hematite (hm).
Hematite plates form along grain boundaries within (a) weakly cemented pipe cores and form
(c) denser bands of cement in pipe rims. Within ironstones (b, d, e, f) hematite occurs as (a)
accumulations of plates that form (d) bands or (e,f) spherical features intermixed with calcite.
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Patterns of hematite precipitation within ironstone concretions appear more complex than
what is observed in pipes. Banding of hematite cement within ironstones visually resembles bands
in pipe rims but is less common, more irregular in shape, and not concentrated between larger
grains of quartz, feldspar, or chert (Fig. 14). The shapes of some bands resemble grain boundaries
with the slightly darker hematite corresponding to the grains themselves and the lighter hematite
filling in the interstitial space between the grains (Fig 14). Within sections of ironstone samples
hematite plates cluster to form spheroids set in a matrix of intermixed hematite and calcite (Fig.
14). The plates appear to be arrayed around a nucleus that is entirely composed of iron oxide. No
analogous features are observed within pipe samples, either in the cores or more densely
mineralized rims. Mineral mapping via EDS in one ironstone sample reveals that iron oxide and
calcite cement are completely intermixed. Isolated pockets of hematite and calcite cements indicate
a mineralization sequence with one initial phase and a second phase that later filled in existing
voids. It is not possible to discern from the SEM imagery which phase (iron oxide or calcite)
precipitated first.

4.3. XRD Analysis
Mineralogical composition of pipe and ironstone concretions as determined by XRD
analysis are similar. Major identified minerals for ironstones include hematite, quartz, and
magnesian calcite. Iron oxide minerals, such as goethite and hematite, could not be distinguished
from one another by XRD methods alone. Analysis of iron oxide textures during SEM imaging
indicates that the iron oxide minerals present in both pipe and ironstone concretions are most likely
hematite. Pipe concretions possess almost identical mineralogies except possess no calcite.
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Analysis of a non-iron oxide concretion from the lower sections of the Boiler Room shows that it
is composed predominantly of calcite and quartz with some iron oxide.

4.4. Oxygen Stable Isotopes

4.4.1. Method Development
Adjustments made to the method of d18O analysis for iron oxides using the TC/EA were
successful in improving the pyrolysis and oxygen yield of hematite samples. Analyzing pure
hematite splits (no added reagents) using the TC/EA method resulted in incomplete oxygen
recovery and slow reaction reflected by poor peaks shapes with much lower-than-expected
amplitudes in the sample signal trace. Average recoveries for pure hematite samples were ~75 %,
which is unacceptable for determining the hematite d18O value. The addition of AgCl and NiC
wool reagents to hematite samples significantly increased the oxygen recovery to >90 %. Produced
peaks were sharper, had higher amplitudes, and significantly reduced tailing resulting from quicker
and more complete reaction of hematite during pyrolysis.
Hematite samples often yielded > 100 % of the predicted oxygen during pyrolysis. Possible
explanations include impurities in the hematite sample or added reagents, or problems with the
mass calibration for oxygen yield. Blank analyses of the AgCl and NiC wool did not identify
impurities in these components. Hematite splits could have a small amount of quartz
contamination, but oxygen yield from quartz via TC/EA is negligeable. However, oxygen
recoveries may be overestimated due to the assumed complete reaction of benzoic acid standards
used to calculate recoveries. Yin and Chen (2014) demonstrated that average oxygen recovery
from benzoic acids using a similar method for inorganic analysis via TC/EA was 92.8 % at 1450
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°C and further decreased as temperature was lowered. If benzoic acids analyzed with our method
produce similar results less than the presumed 100 %, then calculations of recoveries for hematite
may be off by 7-10%. As such, only d18O values for samples recoveries between 97 and 110% are
reported to account for the potential incomplete reaction of benzoic acid standards.
Comparison of d18O results for two pure hematite standards (HH-1 and LLW-2) analyzed
using the refined method and laser fluorination reveal an average difference of +5.4 ‰ for the
TC/EA method. The observed difference between the two methods may be the result of incomplete
reaction of the benzoic acid standards used to calculate oxygen recoveries in iron oxide samples
or the scavenging of oxygen from residual components in the reaction column (Yin and Chen,
2014; Kornexl et al., 1999). A correction factor of -5.4 ‰ has therefore been applied to all d18O
values obtained using the refined TC/EA method. The standard deviation assigned to each d18O
for the TC/EA method corresponds to the average standard deviation (1.7 ‰) of the three pure
hematite standards (HH-1, LLW-2, and Lab Hematite) analyzed alongside sampled concretions
over multiple runs.

4.4.2. Iron oxide d 18O Values
Patterns of d18O values for iron oxide concretions from the Boiler Room show significant
variations within and between morphologies. Values for pipe concretions range from -5.2 ‰ to
+1.9 ‰ with an average d18O = -2.0 ‰ (Fig. 15). In contrast, d18O values for ironstone concretions
range from -3.0 ‰ to +1.5 ‰ with an average d18O = -0.6 ‰. The relative difference between pipe
and ironstone d18O values is further demonstrated by samples taken from either side of the plane
where pipes terminate into overlying ironstones (Fig. 6). Paired samples from each of these
locations (CF21-BR2 and CF21-BR3) consist of a pipe (BR2a and BR3a) and corresponding
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ironstone (BR2b and BR3b). For each of these pairs, the ironstone component has a d18O value 2.2
‰ higher than the pipe.
The three transects along which the most d18O was collected for concretions are transects
1, 6, and 8. Average d18O values for concretions sampled along each are -1.3 ‰, -1.6 ‰, and -1.7
‰, respectively. The relatively small differences between the average values of each transect
suggest that geographic location within the Boiler Room is not a significant influencing factor on
d18O values in iron oxide concretions.
Published d18O values for iron oxide concretions near Moab is limited. Four concretions
analogous to those sampled as part of this study were analyzed by Chan et al (2000) using the laser
fluorination IRMS technique and produced values ranging from -4.7‰ to +7.0‰. Measured d18O
values for concretion samples in this study fit within this published range, although the values here
exhibit tighter range and less extreme values.

Figure 15: Measured d18O compositions of iron oxide concretions with applied corrections
based on laser fluorination values
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4.5. Trace Element Chemistry
Trace element concentrations for eleven iron oxide concretions are plotted against average
concentrations in the upper continental crust (Fig. 16) (Rudnick and Gao, 2003). All samples
exhibit relative enrichments in Be, B, V, Cu, Mo, W, and Pb and depletions in Co, Ni, Rb, Sr, Th,
and the rare elements (REEs). Trace element patterns for pipes and ironstones are very similar with
the exception of Ba enrichment in some ironstones over pipes by a factor of ~10.

Figure 16: Trace element concretions of Fe oxide pipe and ironstone concretions relative
to average concentrations in the upper continental crust

4.6. Iron Oxide d56Fe Values
Iron stable isotope (d56Fe) values for the same eleven iron oxide concretions used for trace
element analysis show a clear pattern of positive values with little variation. Ironstone concretions
have d56Fe values ranging from -0.21 ‰ to +1.05 ‰, whereas d56Fe values for pipe concretions
range between +0.81 ‰ to +1.07 ‰. The sole exception to the observed positive d56Fe values is
sample S1-7 with a d56Fe = -0.21 ‰. This value is significantly different from the values of other
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ironstones and pipes sampled along the same transect (e.g., sample S1-11), suggesting that neither
concretion morphology or location are significant factors in influencing d56Fe values. Comparison
of d56Fe to d18O values for six of these concretions shows no observable correlation between the
two values.
Stable iron isotopic ratios were collected for iron oxides near the Boiler Room by Chan et
al (2006). Published values for that study range from ~ +0.4 ‰ to +0.9 ‰ and are consistent with
the positive suite of d56Fe values measured as part of this study. Published d56Fe values for iron
oxide concretions outside the Boiler Room, however, are almost completely negative (Chan et al.,
2006; Busigny and Dauphas, 2007).

Figure 17: Rayleigh fractionation of Fe isotopes as a function of increasing oxidation of
the source fluid with different potential starting d56Fe values. Measured d56Fe values of
iron oxide concretions from the Boiler Room and previously measured d56Fe values for
concretions in the Moab area are plotted on the calculated curves for the integrated
oxides. Modified from Chan et al. (2006).
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5. DISCUSSION

5.1. Field and Textural Observations
Field relationships between iron oxide concretions suggest a multi-stage formation process
responsible for iron oxide concretion formation in the Boiler Room. The uniformity of orientations
for pipe concretions and their associated comet tails indicates a regional pattern of paleo-fluid flow
from north to south that is consistent with previous measurements by Chan et al (2000) for similar
features. Throughout the Boiler Room the consistent termination of pipes into overlying ironstones
with no clear linear distinctions or transition zones imply contemporaneous formation of both
concretion morphologies. Positioning of the ironstone layer beneath the inferred upper contact
between the Page Sandstone and Dewey Bridge member of the Carmel Formation suggests the
existence of an upper constraint during the single hypothesized formation event. This constraint
may represent the impermeable mudstones within the Dewey Bridge unit redirecting upward
migrating fluids to form ironstones capping more vertically oriented feeder pipes. Alternatively,
concretion formation may predate deposition of the Dewey Bridge, in which case the upper
constraint would correspond to formation during deposition of the Page Sandstone.
Textural observations of ironstone concretions in thin section and SEM provide additional
insight into which of the two potential models is more likely. Unlike pipe concretions, ironstone
samples are not grain-supported and instead exhibit a much higher concentration of iron oxide
cement forming a pervasive matrix in which quartz and feldspar grains are interspersed (Fig. 13).
This suggests either widespread replacement of a pre-existing mineral phase or precipitation of
hematite as a near surface deposit. The Yoshida (2018) model of concretion formation via
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replacement of calcite by iron oxide is a potential explanation for ironstone formation consistent
with lateral spreading of ascending fluid upon encountering a sealing layer. Thin carbonate lenses
associated with interdunal environments within the Navajo Sandstone may have been present in
the upper sections of the Boiler Room, providing a possible existing set of carbonate minerals for
replacement by iron oxide in buffering reactions. Observed at the micro-scale, circular
accumulations of hematite plates in ironstones represent possible replacement of dissolved
carbonate rhombs by iron oxides following dissolution from an acidic groundwater source (Fig.
14). Chert grains observed throughout the hematite matrix of ironstones are inferred to be from the
J-2 unconformity at the upper contact of the Navajo with the Page Sandstone (Pipiringos and
O’Sullivan, 1978). Their inclusion in ironstones located in the uppermost sections of the Navajo
and Page sandstones precludes formation of the ironstone in the subsurface prior to the
development of the unconformity that hosts the chert clast. However, replacement of an initial
carbonate unit that incorporated the chert during its precipitation in the Jurassic in the near surface
is consistent with the observed relationships.
Observations of non-iron oxide concretions in the lower sections of the Navajo Sandstone
in the Boiler Room support the presence of a reduced acidic fluid. Carbonate concretions in various
stages of dissolution and replacement by iron oxides are observed throughout the lower sections
and provide clear evidence of the upward migration of an acidic iron-bearing fluid (Fig. 12). The
extent of dissolution and replacement increases moving-up section and in some outcrops all
concretions appear to have been completely dissolved, leaving behind a “honeycomb” structure
characterized by pockmarked depressions covering outcrops. By the point at which pipe and
ironstones are encountered, no more carbonate is observable except for small amounts of inferred
post-depositional calcite in pore spaces within some ironstone concretions. This acidic fluid may
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have been involved in dissolving an initial carbonate phase during iron oxide concretion formation,
although the timing cannot be determined from field observations.

5.2. Trace Element Chemistry and d56Fe Values
Trace element concentrations provide support for the formation of all iron oxide
concretions in the Boiler Room from a single mineralization event. Patterns of enrichments and
depletions between pipes and ironstones are comparable, indicating that both concretion
morphologies formed from a chemically similar fluid source (Fig. 16). Enrichments in trace metals
(Mo, Cu, Zn, Pb) are consistent with mobilization and precipitation along a reaction front between
oxidizing and reducing fluid sources, analogous to what is observed in roll-front uranium deposits
in the Moab area (Wigley et al., 2012). To precipitate iron and the observed trace elements, the
hypothesized reduced fluid transporting dissolved Fe2+ to the Boiler Room may have encountered
and interacted with an oxidizing source, most likely a shallow meteoric water. Mixing of these two
fluids would oxidize the dissolved iron and precipitate it as Fe3+ in hematite within concretions.
Iron isotope values for concretions from the Boiler Room encompass a range between 0.21 and +1.07 ‰. Expected d56Fe values for biologically mediated hematite precipitation are
negative with a fractionation between fluid and mineral of between -1 to -2 ‰ (Anbar et al., 2004).
Assuming a starting d56Fe value near 0 ‰, derived from iron bearing silicate minerals, none of the
results for iron oxide concretions from the Boiler Room are consistent with microbially mediated
reactions. Because the formation of the iron oxides likely involved the mixing of reduced and
oxidizing groundwater, we explore open system behavior to describe the d56Fe values during
progressive oxidation of the paleo-fluid during iron oxide precipitation. Rayleigh curves modified
after those of Chan et al (2006) for iron isotope fractionation with progressive oxidation of Fe2+(aq)
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provide estimates of the degree of oxidation associated with the formation of iron oxide pipes and
ironstones in the Boiler Room (Fig. 17). Two potential starting d56Fe values are considered: 0 ‰
and -1 ‰. The equation used to calculate the change in the integrated d56Fe value with increasing
oxidation is (citation):
𝛿 !" 𝐹𝑒#$%&'()%&* =

(,---. 0 !" 1&#$#%#&' 23,---. 0 !" 1&#$#%#&' 4∗ 3,26)(.**(! 42,---∗6)
6

where f is the fraction of oxidation from 0 to 1. For the integrated d56Fe, most values for Boiler
Room concretions can be explained by f from ~0.4 to 0.9, or ~40 to 90 % oxidation of Fe2+(aq). The
two exceptions to this trend are samples DN20-BR6 and CF20-S1-7. The former can be explained
by either ~90 % oxidation with a starting d56Fe = 0 ‰ or 15 % oxidation for a starting d56Fe = 1 ‰. For the latter, the measured d56Fe value can only be explained by ~ 70% oxidation for a
starting d56Fe = -1 ‰.

5.3. d18O Values
Determination of oxygen isotopic values for paleo-fluids requires knowing the temperature
and pH conditions of the fluid. Since these characteristics of the paleo-fluid(s) involved with
concretion formation are unknown, calculations were performed using two different H2O-Fe2O3
fractionation factors corresponding to low pH (1-2) and circumneutral pH conditions. Paleo-fluid
d18O values were calculated for two potential groundwater temperatures (15 and 25º C) appropriate
for a near-surface Jurassic environment. The two equations used to calculate d18O paleo-fluid
values are:
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(Yapp 1990)

(Bao and Koch, 1999)

where a is the fractionation factor for oxygen between H2O and Fe2O3 and T is temperature
in Kelvin.
Pipe and ironstone concretions are used to calculate d18O values of the paleo-fluid from
hematite precipitated (Fig. 18). Isotopic values for measured concretions are adjusted prior to
paleo-fluid calculations based on the difference determined via comparison to the laser fluorination
method. For circumneutral pH conditions, calculated paleo-fluid values range from -7.8 ‰ to -0.2
‰, whereas for the more acidic conditions the calculated d18O values range from -12.5 ‰ to -4.1
‰. Under circumneutral pH conditions, most calculated d18O values are consistent with Jurassic
meteoric waters as estimated using paleogeographic reconstruction of the Moab area (Peterson,
1988). Variations in the d18O values of concretions can be attributed to variable mixing of the two
hypothesized paleo-fluid endmembers. More recent meteoric water values are too low to
adequately explain the calculated paleo-fluid values for circumneutral conditions. Under slightly
more acidic conditions, the calculated values are consistent with what would be expected from
carbonate dissolution and replacement by iron oxide. Without knowing the pH of the paleo-fluid,
it is not possible to discern between these two models based on isotopic values alone.
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Figure 18: Calculated d18O of paleo-fluids from measured d18O of iron oxide concretions.
Calculations were performed for multiple temperatures using two different fractionation
factors for H20 – Fe2O3: one for circumneutral pH conditions and the other for pH 1-2.
Ranges of d18O values for potential paleo-fluid sources are included for comparison and
include paradox basin oil brines (Morrison and Parry, 1986), Jurassic meteoric waters
(Blakey, 1998; Parrish et al., 2018), and recent meteoric waters (Spangler et al., 1996).
If precipitated from a single paleo-fluid source, then the d18O difference between ironstones
and pipes reflects a difference in the geochemical and/or hydrological conditions under which each
morphology was precipitation. Evaporation of water at the surface of the Navajo is one possibility
and would cause enrichment in 18O relative to the fluid in the subsurface and impart a higher d18O
value to hematite precipitated in the surface fluid (Craig et al., 1963). If an initial carbonate phase
was dissolved and replaced by hematite, the d18O values of ironstones may partly inherit the d18O
of the dissolved carbonate phase, which may have been precipitated in waters with higher d18O
values than the later acidic fluid. Incorporation of oxygen from the dissolved carbonate phase
would explain the higher d18O for ironstones relative to pipes, which are not hypothesized to form
from a replacement process and thus would have isotopic values solely reflecting the lower d18O
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acidic fluid. Published d18O data from Parrish et al. (2018) for interdunal lake carbonates from the
Navajo Sandstone have a mean of ~ -3 ‰ (VSMOW). Mixing of oxygen from dissolved carbonates
of similar d18O compositions with lower d18O groundwaters could produce the measured d18O for
ironstone concretions in the Boiler Room. Interdunal environments and periods of increased
rainfall during deposition of the Navajo Sandstone are well-documented by the presence of
carbonate lenses, slumps, and fossilized remains of plants and animals (Loope and Rowe, 2003).
If the concretions in the Boiler Room formed at the surface during the Jurassic, then a wet interdune
environment in the Boiler Room would provide the necessary combination of oxidizing
groundwater and evaporated surface waters, but not the reduced fluids required to explain the
observed isotopic differences between concretion morphologies. However, if the ironstone
concretions are not primary and represent the result of carbonate replacement, a post-deposition
input of reducing/acidic groundwater is needed.

5.4. Precipitation in an Interdune Spring: Carbonate or Iron Oxide?
Results support the formation of iron oxide concretions in the Boiler Room initiating in an
interdunal environment within the Navajo Sandstone during its deposition in the Jurassic (Fig. 19).
The formation process during the Jurassic involved either direct precipitation of iron oxide
concretions on the surface in a spring-fed system or the initial deposition of a carbonate lens. Direct
formation of iron oxide would involve the mixing of two distinct paleo-fluid sources: a reduced
iron-bearing fluid and shallow oxidizing groundwater. The reduced, low pH fluid could have been
derived from groundwater interactions with organic acids. Iron in this fluid, present in its mobile
Fe2+ form, was transported to the Boiler Room site through the permeable sections of the Navajo
Sandstone. Migration to the surface was facilitated by nearly vertical conduits that were later
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rimmed by hematite mineralization to form the iron oxide pipes and columns observed throughout
the Boiler Room beneath the ironstone horizon.
Fluctuations of the water table associated with wetter periods during the Jurassic would
have brought oxidizing meteoric waters into contact with the ascending reduced fluids. A possible
driver of this southward flow of oxidizing fluid into the Boiler Room is the intrusion and movement
of salt to the north beginning in the Pennsylvanian and continuing through the Jurassic (Doelling
1988). Mixing of the two fluids oxidized the dissolved iron, changing it from a mobile Fe2+ state
to an immobile Fe3+ as precipitated hematite. In the subsurface feeder pipes, mineralization
occurred in thin rims leading to a grain-supported concretion morphology. On the surface, hematite
precipitated to form dense layers of ironstone that incorporated oxygen from a source enriched in
18

O from evaporation, resulting in d18O values ~2 ‰ greater than those of hematite precipitated in

the pipes. While this model can explain the observed isotopic and geochemical data, the vertical
movement of fluids through feeder pipes to the surface does not adequately explain the measured
inclined orientations of the pipes and associated comet tails. Unlike other documented spring pipes,
the concretions in the Boiler Room are not vertical nor appear to be associated with bedding, joints,
or faults.
The presence of potential carbonate replacement textures in ironstones suggest that an
initial carbonate phase may have been precipitated, and iron oxide concretion formation was postdepositional to the Navajo Sandstone. Following its formation and burial, a dissolve Fe bearing
reduced and acidic fluid migrated vertically through the Navajo Sandstone until it reached chertpebble-bearing carbonate lenses at the contact with the Navajo and Page Sandstones, beneath the
overlying Dewey Bridge unit, which acted as a sealing layer. This fluid dissolved the carbonate
and through buffering reactions analogous to those hypothesized by Yoshida et al (2018), iron
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oxide was precipitated in its place as the ironstones we observe today. The hematite pipes that
facilitated the upward migration of this fluid would have formed at a similar time to this ironstone
formation. Dissolution of carbonate minerals paired with replacement by iron oxide explains the
textural observations of ironstones and oxygen isotopic data. Iron oxide mineralization in pipes
does not appear to be linked to replacement of a pre-existing carbonate, and reflects precipitation
of hematite resulting from a change in the chemistry of the iron-bearing fluid either from
interaction with oxidizing groundwater or an increase in pH associated with the carbonate
replacement. The progressive oxidation of reduced iron indicated by the iron stable isotopes,
suggest that the most likely mechanism for forming the pipes is mixing between reduced upwelling
groundwater and oxidizing groundwater that was present near the upper contact of the Navajo
Sandstone. The observed orientations of pipes and comet tails is better explained through this
series of events where the upward migrating groundwater was following inclined flow paths in the
paleo-aquifer system.
The challenge of transporting dissolved iron to the Boiler Room for concretion formation
is also better addressed by the dissolution and replacement model. During the diagenesis of the
Navajo and Page sandstones during the Jurassic, the dominant iron source in the Moab area was
the alteration of unstable iron-bearing silicates within the depositing sandstones (Walker, 1975).
Interstitial waters within these depositing sediments are hypothesized to have been oxidizing or
weakly reducing, resulting in low iron mobility (Walker, 1975). Under the dissolution and
replacement model, formation of iron oxide concretions could occur any time after deposition of
the Navajo and Page sandstones in the Jurassic when conditions were more favorable for iron
dissolution and transport. One potential period is ~40 Ma during the most recent episode of fluid
movement along the Moab Fault (Bailey et al., 2021). Movement of hydrocarbon brines in the
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Paradox Basin during this time would provide the necessary reducing environment for the removal
of iron from red-bedded sandstones and transport in its mobile Fe2+ form to the Boiler Room site
through existing conduits and permeable sandstone units.
Although field observations and geochemical data can support both potential processes of
formation, the existence of an initial carbonate phase explains the observed textures in SEM, is
consistent with the known paleoenvironmental conditions of area, and does not require the
transport of reduced iron-bearing fluids to the surface. Dissolution and replacement of a preexisting carbonate lens resembles the proposed formation for analogous ironstones in the Bahariya
Oasis in Egypt (Afify et al., 2015). Ironstones in the Boiler Room and the Bahariya Oasis are
morphologically and texturally similar with both exhibiting pervasive iron oxide matrices and
circular accumulations of iron oxide as seen in SEM (Fig. 13). Afify et al (2015) propose that the
ironstones in the Bahariya Oasis formed from the selective replacement of carbonate minerals by
iron oxyhydroxides. Precipitation of iron oxyhydroxides following the dissolution of the preexisting carbonate phases was the result of mixing between iron-rich reduced fluids and oxidizing
waters. Here, formation of iron oxide concretions in the Boiler Room is proposed to result from
similar processes whereby initial carbonate deposits are dissolved and replaced by iron
oxyhydroxides that are later altered to hematite via dehydration.
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Figure 19: Formation of iron oxide
concretions in the Boiler Room through a
multi-stage process of carbonate
precipitation, dissolution, and replacement.
(a) An initial carbonate lens is deposited in an
interdunal surface environment within the
Navajo Sandstone during the Jurassic and is
(b) dissolved after burial by an acidic fluid
migrating upward through high permeability
pipes. (c) The carbonate lens is dissolved and
calcite is replaced by hematite during
buffering reactions with the acidic fluid,
producing ironstones capping iron oxide
cemented feeder pipes.
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6. SUMMARY AND CONCLUSIONS

To decipher the hydrologic and geochemical processes associated with the formation of
iron oxide concretions, we use stable isotopes of oxygen (d18O) and iron (d56Fe) of hematite to
identify paleo-fluid sources and geochemical pathways for hematite precipitation. Paired with
textural and field observations, these isotopic results are used to compare various proposed models
and construct a history for the formation of iron oxide concretions in the Boiler Room near Moab,
Utah. Oxygen isotope data was collected for 11 pipe and 5 ironstone concretions using a modified
pyrolysis method. Iron isotope ratios were obtained for a subset of 7 pipes and 4 ironstones.
Isotopic trends show ironstones are enriched in 18O relative to pipes, and precipitation of hematite
is consistent with between 40 and 90% oxidation of the dissolved Fe2+ in groundwater during oxide
precipitation. Similar trace element profiles for pipes and ironstones indicate formation from a
single fluid.
Calculated paleo-fluid d18O values are consistent with expected values for Jurassic
meteoric waters. Ironstones’ relative enrichment in 18O, observed matrix supported textures in thin
section and SEM, cross-cutting relationships, and incorporation of chert from the overlying J-2
unconformity suggest formation in a near-surface environment during the Jurassic. Alternatively,
these observations may indicate replacement of initially precipitated carbonate from a lens formed
within an interdune environment syn-depositional to the Navajo Sandstone. Potential replacement
textures observed in SEM argue in favor of the latter possibility. Formation of iron oxide
concretions in the Boiler Room is thus thought to result from the post-deposition dissolution and
replacement of a carbonate lens by hematite transported in an acidic reduced groundwater source.
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These two potential models of formation for iron oxide concretions in the Boiler Room can
each be supported by the gathered field, optical, and geochemical data, thus illustrating the
difficulty in assigning a single process or set of processes to the formation of these features. This
problem is compounded when iron oxide concretions from other areas of the Colorado Plateau,
Earth, or other planets are considered. Paleoenvironmental and hydrological conditions vary
widely, and concretions can be explained by several different formation models that are consistent
with observations and previously published data. Stable isotopes are one method by which the
geochemical pathways and paleo-fluid sources can be identified, but accurate reconstruction of the
process of iron oxide concretion formation depends on the integration of various types of geologic,
geochemical, and hydrologic data.
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SUPPLEMENTAL SEM IMAGES

Supplemental Figure 1: Potential grain replacement by hematite (Hm) in an ironstone
concretion.
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Supplemental Figure 2: Pervasive iron oxide cement in an ironstone concretion. Qz = quartz
and Hm = hematite.
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Supplemental Figure 3: Large hematite (Hm) grains in an ironstone concretion.
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Supplemental Figure 4: Tabular hematite (Hm) in an ironstone concretion.
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Supplemental Figure 5: Zircon grain (Zr) surrounded by hematite cement (Hm) in an
ironstone concretion.

60

Supplemental Figure 6: Potential replacement textures in an ironstone concretion. Qz = quartz
and Hm = hematite.
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Supplemental Figure 7: (a) – (d) hematite cement textures in an ironstone concretion.
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Supplemental Figure 8: EDS map of intermixed hematite and calcite cement in
an ironstone concretion.
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GEOCHEMICAL DATA TABLES

Sample ID
HH-1
LLW-2
Lab
CF20-S1-3
CF20-S1-4
CF20-S1-11
CF-20-S2-2
CF20-S6-3
CF20-S6-7
CF20-S6-9
DN20-BR6
CF21-BR2a
CF21-BR3a
CF21-BR5
CF-20-S1-12
CF-20-S6-5
CF-20-S6-10
CF21-BR2b
CF21-BR3b

d18O Avg Measured d18O Avg Corrected d18O Laser Fluorination
5.7
0.3
0.6
1.3
-4.1
-4.4
0.2
-5.2
2.0
-3.4
7.3
1.9
1.1
-4.3
4.5
-0.9
5.7
0.3
1.0
-4.4
4.5
-0.9
0.2
-5.2
2.18
-3.2
4.7
-0.7
0.48
4.1
-1.3
5.38
0.0
2.4
-3.0
0.16
5.2
-0.2
0.32
4.3
-1.1
6.9
1.5

Table 1: Iron oxide concretion average d18O values.
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Table 2: Trace Element Concentrations

LOD
LOQ
BEC
Top Standard

Concentration in solid
S1-3
S1-5
S1-7
S1-11
S4-2
S5-1
S6-5
S6-7
S6-10
BR-4
BR-6

Li
ppb
0.000761016
0.00253672
0.003521834
486.7568947

ppm
14.42
16.52
16.23
15.30
10.43
18.82
7.76
7.09
8.97
5.35
9.12

Be
ppb
0.001694485
0.005648282
0.002326835
501.9041904

ppm
157.7
273.5
264.0
211.6
413.2
491.1
328.2
257.3
181.0
193.2
119.6

B
ppb
0.036226
0.120752
0.92775
476.8747

ppm
<LOQ
<LOQ
<LOD
<LOQ
<LOQ
<LOD
<LOD
<LOQ
<LOD
<LOQ
<LOQ

Na
ppb
1.149372
3.831242
22.90833
6194.422

ppm
307
371
1389
144
229
189
641
238
616
941
1101

Mg
ppb
0.062075
0.206917
0.123119
13009.87

ppm
4687
5306
11171
2624
6089
5288
4835
5454
4051
4713
8445

Al
ppb
0.07557
0.2519
0.111668
12659.11

ppm
<LOQ
<LOQ
<LOD
<LOQ
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD

6161.093

ppm
2511
2981
4991
903
1825
<LOQ
<LOQ
1639
<LOQ
1771
4334

K
ppb
1.79027
5.967565
24.88391
12645.59

ppm
8669
9579
19866
1410
1533
2532
5390
1541
7239
12128
<LOQ

Ca
ppb
1.108616
3.695385
2.261033
7778.311

ppm
634
696
918
450
1223
1646
179
669
495
430
511

Ti
ppb
0.03611
0.12038
0.02217
6232.46

P
ppb
1.716851
5.722838
5.125841

ppm
3.14
4.10
6.15
2.13
1.92
3.96
3.28
1.71
2.50
1.62
3.16

Ca
ppb
108616
695385
261033
78.311

ppm
669
579
9866
410
533
532
390
541
239
2128
LOQ

ppm
634
696
918
450
1223
1646
179
669
495
430
511

Ti
ppb
0.036116
0.120388
0.022178
6232.469

ppm
652
727
778
655
1077
966
448
602
387
468
808

V
ppb
0.001275
0.004249
0.001868
311.351

ppm
25
31
22
6
89
83
24
46
37
41
181

Cr
ppb
0.008774
0.029247
0.047675
126.8934
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wt%
59.8
66.2
56.1
69.1
59.7
59.3
41.6
52.3
44.9
37.0
48.0

Mn
Fe
ppb
ppb
0.002637 0.01235667
0.008789 0.04118889
0.005744 0.2013048
1223.96 13711.3172

ppm
179
199
604
145
295
308
137
122
185
474
192

Co
ppb
0.001062264
0.00354088
0.002380141
124.9084076

Ni
ppb
0.007687
0.025624
0.040873
126.204

ppm
464
592
694
30
77
112
46
61
83
64
90

Cu
ppb
0.005898
0.019659
0.021928
125.2919

ppm
199
240
462
43
54
63
37
37
107
40
46

Zn
ppb
0.019989
0.066629
0.08504
126.8221

ppm
7.27
8.05
15.22
3.61
5.42
6.61
4.81
4.27
3.29
5.04
8.92

306.7301

Rb
ppb
0.002113
0.007044
0.001484

123.188

Sr
ppb
0.002484
0.008281
0.002495

312.2758

Zr
ppb
0.002659
0.008865
0.006209

ppm
59.69
55.42
55.94
30.41
89.39
71.08
78.94
56.27
50.99
42.31
33.70

ppm
4.84
5.74
6.89
2.77
<LOD
<LOD
<LOQ
<LOD
<LOD
<LOQ
<LOD

ppm
45.42
50.12
109.90
35.19
29.41
35.57
48.16
21.59
63.70
43.40
24.59

ppm
1.57
2.27
3.00
1.49
1.49
<LOQ
1.67
1.02
<LOQ
1.33
<LOQ

Ba
ppb
0.00144
0.0048
0.002423
620.2854

ppm
2.46
2.86
3.31
1.64
0.78
1.06
0.70
<LOQ
1.36
0.78
<LOQ

La
ppb
0.000396339
0.001321131
0.00071551
201.1612072

Mo
ppb
0.014214
0.04738
0.023413

Cs
ppb
0.00012
0.0004
0.000121
60.58609

ppm
466.9
532.6
2703.5
71.0
166.7
121.0
78.9
101.5
809.6
61.7
60.8

Zr
ppb
0.002659
0.008865
0.006209

Cd
ppb
0.000369262
0.001230875
9.08792E-05
125.4350743

ppm
0.87
1.01
2.37
1.28
1.89
1.70
1.31
1.83
1.23
1.22
1.36

Sr
ppb
0.002484
0.008281
0.002495

ppm
<LOQ
<LOQ
0.32
<LOQ
<LOQ
<LOD
<LOD
<LOD
<LOD
<LOQ
<LOD

Rb
ppb
.002113
.007044
.001484

ppm
38.19
40.37
53.40
19.89
45.97
59.62
26.71
29.48
19.79
27.88
33.72

125.0371

ppm
59.69
55.42
55.94
30.41
89.39
71.08
78.94
56.27
50.99
42.31
33.70

312.2758

ppm
45.42
50.12
109.90
35.19
29.41
35.57
48.16
21.59
63.70
43.40
24.59

123.188

ppm
7.27
8.05
15.22
3.61
5.42
6.61
4.81
4.27
3.29
5.04
8.92

06.7301
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ppm
0.91
0.99
1.04
0.64
0.38
0.58
0.28
0.18
0.44
0.32
0.17

Ce
Pr
ppb
ppb
0.000341 5.78365E-05
0.001138 0.000192788
0.001436 8.17087E-05
411.1865 45.42284683

ppm
12.12
13.87
10.30
10.94
3.51
6.17
5.29
2.28
7.92
3.04
2.38

ppm
3.67
4.20
4.57
2.74
1.66
2.69
1.24
0.85
1.96
1.34
0.93

Nd
ppb
0.000268447
0.000894824
0.000240176
169.0122497

ppm
1.02
1.09
1.21
0.71
0.59
0.76
0.32
0.35
0.49
0.34
<LOQ

Sm
ppb
0.00021157
0.00070523
0.00011849
31.9179528

47
24
76
97

ppm
1.02
1.09
1.21
0.71
0.59
0.76
0.32
0.35
0.49
0.34
<LOQ

Sm
ppb
0.000211572
0.000705238
0.000118498
31.91795284

67

ppm
0.98
1.16
1.14
0.68
0.59
0.91
0.32
0.33
0.57
0.50
0.41

Eu
Gd
ppb
ppb
4.83034E-05 0.000158561
0.000161011 0.000528536
2.7753E-05 9.41735E-05
5.658766968 28.05180358

ppm
0.25
0.31
0.37
0.19
0.20
0.22
0.12
0.11
0.17
0.13
<LOQ

ppm
0.19
0.21
0.20
0.13
0.13
<LOQ
<LOQ
<LOQ
0.11
0.10
<LOQ

Tb
ppb
9.12844E-05
0.000304281
0.000181438
4.092374139

ppm
1.17
1.37
1.33
0.95
0.73
1.14
0.49
0.48
0.71
0.78
0.54

Dy
ppb
0.000217568
0.000725227
0.000312404
24.75439641

ppm
0.23
0.28
0.24
0.17
0.12
<LOQ
<LOQ
<LOQ
0.13
0.13
<LOQ

Ho
ppb
0.000102487
0.000341622
0.000214374
4.846974158

ppm
0.71
0.81
0.69
0.56
0.32
0.70
0.22
<LOQ
0.39
0.38
<LOQ

Er
ppb
0.000210395
0.000701318
0.000613723
14.35336009

ppm
0.10
0.11
0.09
0.08
<LOQ
<LOQ
<LOQ
<LOQ
<LOQ
<LOQ
<LOD

Tm
ppb
8.42818E-05
0.000280939
0.000111121
2.096218508

ppm
0.64
0.76
0.90
0.48
<LOQ
<LOQ
<LOQ
<LOQ
0.37
0.30
<LOD

Yb
ppb
0.000339485
0.001131615
0.000481313
13.94627641

L
pp
4.656
0.000
4.647
1.961

pp
0.0
0.0
0.0
0.0
<LO
<LO
<LO
<LO
0.0
0.0
<LO

ppm
0.64
0.76
0.90
0.48
<LOQ
<LOQ
<LOQ
<LOQ
0.37
0.30
<LOD

Yb
ppb
.000339485
.001131615
.000481313
3.94627641
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ppm
10.20
4.27
3.03
1.24
2.81
4.10
20.82
3.29
2.79
1.31
2.30

Lu
Hf
ppb
ppb
4.65669E-05 0.00020594
0.000155223 0.000686466
4.64741E-05 0.000212348
1.961567605 127.3877215

ppm
0.09
0.09
0.09
0.06
<LOQ
<LOQ
<LOQ
<LOQ
0.06
0.05
<LOQ

W
ppb
0.02404
0.080135
0.052532
62.92347

ppm
17.25
18.69
19.94
<LOQ
<LOQ
<LOQ
28.44
<LOQ
<LOQ
<LOQ
<LOQ

ppm
0.18
0.18
0.24
0.09
0.19
0.62
<LOQ
<LOQ
<LOQ
<LOQ
<LOQ

Re
Tl
ppb
ppb
2.16008E-05
0.0001368
7.20026E-05
0.000456
1.66839E-05 0.000187095
64.1368003 48.03400417

ppm
0.05
0.08
0.09
0.03
0.08
0.14
0.06
0.05
0.05
0.03
0.07

ppm
4.01
2.81
2.13
1.02
2.98
3.27
4.24
2.03
4.11
1.04
1.68

ppm
2.79
3.16
3.84
2.33
9.50
4.93
4.02
6.51
3.82
5.00
6.30

{b
Tj
U
ppb
ppb
ppb
0.00036 9.35929E-05 2.61737E-05
0.001198 0.000311976 8.72455E-05
0.002536 0.000239542 0.000142984
63.03428 48.55038885 63.39530694

ppm
214.38
242.40
195.74
230.72
186.03
258.75
99.46
105.73
113.62
86.29
105.97
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Table 3: Iron oxide concretion d56Fe values

